Stress is a well-known cause of reproductive dysfunction in many species, including birds, 10 rodents, and humans. However, little is known of the genomic basis for this dysfunction and how 11 it may differ between the sexes. Using the classic reproductive model of the rock dove (Columba 12 livia), we conducted the most in-depth investigation to date of how stress affects all gene 13 transcription of a biological system essential for facilitating reproduction -the hypothalamic-14 pituitary-gonadal (HPG) axis. The HPG transcriptome responded to stress in both sexes, but 15 females exhibited more differential expression than males, and these stress responsive genes 16 were mostly unique to females. This result may be due to 1) fluctuations in the female endocrine 17 environment to facilitate ovulation and follicle maturation, and 2) their evolutionary history. We 18 offer a vital genomic foundation on which sex-specific reproductive dysfunction can be studied, 19 as well as novel gene targets for genetic intervention and therapy investigations. 20 21 22 23 24 25 26 27 28 29 30 31 32 Stress can disrupt reproduction in multiple, complex ways [1-3]. The perception of a stressor 33 activates the hypothalamic-pituitary-adrenal (HPA) axis, which results in a synthesis of stress 34 hormones (glucocorticoids) [4]. Glucocorticoid hormones (cortisol in humans, corticosterone in 35 birds and rodents) are synthesized by the adrenal cortex and exert both rapid and gradual actions 36 on vertebrate physiology [5]. This activation of the HPA system can cause suppression of the 37 reproductive system, i.e., the hypothalamic-pituitary-gonadal (HPG) axis, at multiple levels (Fig. 38 1), including inhibiting gonadotropin-releasing hormone (GnRH) secretion from the 39 hypothalamus, suppressing luteinizing hormone (LH) and follicle stimulating hormone (FSH) 40 release from the pituitary, sex steroid hormone release from the gonads, and ultimately reducing 41 or eliminating sexual behavior and reproduction [6-9]. However, questions remain as to 1) how 42 stress affects all gene activity of the HPG axis, and 2) if these effects are sex-specific. Evidence 43 suggests regulatory mechanisms of the HPG system under stress can be sex-specific (eg. human: 44 [10]; rodent: [11]; birds: [12,13]), but the full extent of sex-biased changes is still largely 45 unknown. In general, males have historically dominated animal studies [14-16], obscuring 46 discovery of potential sex differences that could inform and guide further research and clinical 47 studies [17]. 48 49
INTRODUCTION
A global transcriptome analysis yielded 236 differentially expressed genes in the hypothalami of 182 stressed females (106 upregulated and 131 downregulated) as compared to female controls, 183 while 24 genes were significantly differentially expressed in the hypothalami of stressed males 184 (3 upregulated and 21 downregulated; Table 2 , Fig. 3 ) as compared to male controls. Genes 185 more highly expressed in the hypothalamic tissue of stressed females include UNC45B, which is 186 a progesterone regulator and co-chaperone for heat shock protein of 90 kDa (HSP90) [26] 187 (logFC -8.6, FDR 9.0e-12). Additionally, interferon induced transmembrane protein 5 188 (IFITM5), which was more highly expressed, can interact with serotonin receptor [27] as well as 189 several solute carriers [28] responsible for transporting newly synthesized prostaglandins PGD2, 190 PGE1, PGE2, leukotriene C4, and thromboxane B2 (logFC -11.1, FDR 3.0e-10). Several long 191 non-coding RNAs, LOC107050862 and LOC101747554 were some of the most differentially 192 expressed genes between stress and control groups (logFC -12.6, FDR 1.0e-13 and logFC -11.3, 193 FDR 4.5e-11 respectively), yet their function is currently unknown. In addition to these, a strong 194 signal of differential expression of the Myosins was uncovered (e.g., MYH1E, MYH1F, MYOZ2). 195 Gene ontology terms enriched for this treatment group to describe groups of genes of similar 196 function responsive to stress include terms related to muscle development and function (gene 197 ontology term myofibril assembly, GO:0030239). This pattern is driven in part by Myosin 198 proteins, which can play a role in secretory function [29, 30] .
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Genes more lowly expressed in the hypothalamic tissue of stressed females as compared to 201 controls include LUC7L2 (logFC 1.9, FDR 1.1e-07), a gene previously found to be differentially 202 expressed in response to stress [31], and LOC107051530 (logFC 4.9, FDR 6.4e-5), a non-coding 203 RNA whose function is unknown. Prolactin is more lowly expressed in response to stress (logFC 204 2.5, FDR .0002), as is GABA type A receptor-associated protein (logFC 1.2, FDR .007), the 205 latter which has been shown to be regulated by Leptin in guinea pigs [32] . No significantly 206 enriched gene ontology terms were revealed for genes more lowly expressed in the female 207 hypothalamus in response to stress. The full differential dataset for the female hypothalamus is 208 available at https://git.io/vD4LU. As compared to the females, fewer genes were differentially expressed in the male hypothalamus 211 in response to stress. One gene more highly expressed in stressed males as compared to controls 212 is PH domain leucine-rich repeat-containing protein phosphatase 2 (PHLPP2), which can play a 213 role in the apoptotic process (logFC -3.6, FDR 2.4e-09). A gene more lowly expressed in 214 response to stress, Pro melanin concentrating hormone (PMCH) (logFC 3.8, FDR 2.532022e-215 05), can inhibit stress-induced ACTH release, stimulate anxiety and sexual behavior, and 216 antagonize the inhibitory effect of alpha melanotropin on exploration behavior [33] [34] [35] . C-
217
RFamide protein, also known as prolactin releasing hormone 2 [36] was also more lowly 218 expressed in response to stress and can play a role in the release of prolactin as well as several 219 gonadotropes [37] (logFC 4.7, FDR 2.52e-05). No significantly enriched gene ontology terms 220 were revealed for genes differentially expressed in the male hypothalamus in response to stress 221
The full differential dataset for the stress response of the male hypothalamus is available at 222 https://git.io/vD40k. Much like the pattern observed in the hypothalami of males as compared to females, the male 251 pituitary also has less differential gene expression than the female pituitary. For example, genes 252 that were more highly expressed in the male pituitary in response to stress include Nuclear 253 receptor subfamily 4 group A member 3 (NR4A3) (logFC -2.9, FDR 5.3e-10), which has been 254 implicated in mechanisms related to feeding behavior and energy balance [42, 43] , and 5-255 hydroxytryptamine receptor 3A (HTR3A) (logFC -1.9, 4.42e-05), a receptor whose ligand 256 (serotonin) is widely accepted to be involved in mood disorder and anxiety [43] [44] [45] [46] . A signal of 257 cell-cycle arrest may be evident, as the gene CCAAT/enhancer binding protein (C/EBP), delta, 258 know to be involved in preventing the cell cycle from continuing through the G1 phase [47] is 259 more highly expressed in response to stress (logFC -2.6, FDR 3.1e-09). Activating transcription 260 factor 3 (ATF3), which has been previously reported to respond to stress [48, 49] , is highly 261 expressed in the male pituitary in response to stress. Gene ontology terms enriched for in genes 262 more highly expressed in the stressed male pituitary in response to stress are related to the term 263 for "muscle development". Again, this signal is descendent from actin and myosin genes 264 involved in secretion [29] as opposed to actual skeletal or smooth muscles. The ovary was the site of the most differential expression in response to stress as compared to 276 the hypothalamus, pituitary, and testes. In sum, 1138 genes were differentially expressed (345 277 higher in stress, 793 lower; Table 2 , Fig. 3 ) in the ovary of stressed females as compared to 278 controls. Genes that were more highly expressed include Heat Shock Protein 25 (HSP25) (logFC 279 -2.9, FDR 5e-07) and Heat shock 70kDa protein 8 (HSPA8), logFC -1.5, FDR 2.5e-08), the latter 280 has been reported to prevent protein aggregation under stress conditions [54] . Additionally,
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Thyroid hormone responsive protein (THRSP) was more highly expressed in the ovary in Expression Female Tissue Stress -Median Expression Female Tissue Control ) was calculated, with genes whose 317 response was different (defined as being more responsive than 98% of all other genes, n=173 in 318 each tail of the distribution, Fig. 4 ), deemed to be expressed in a sex-biased manner. More genes in the female HPG axis were responsive to stress as compared to males. This 431 differential expression of genes in response to stress was also mostly unique to each sex. Various 432 factors could contribute to a sex-biased response to stress, though we were able to control for 433 many of them with the rock dove model. For example, an uneven parental care strategy (one sex 434 cares more than the other) and age have been known to influence the stress response [79-81].
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However, both rock dove sexes offer significant offspring care, though they were not caring for testes. Although we controlled for reproductive stage, selecting sexually mature birds that were 461 not actively breeding, as well as specific ovary tissue type and amount sampled, we were unable 462 to control for the specific stage of ovulation and follicle maturation at the point of sampling.
463
Endocrine processes associated with these reproductive processes thus may influence how the 464 HPG axis, particularly the ovary in this case, responds to environmental perturbations such as 465 stress. This may be why we found a greater array of genes active in the female at both baseline 466 sampling [24] and in response to stress. Alternatively, potential endocrine variation experienced 467 by the female HPG axis might create "noise" and thus decrease our statistical ability to identify 468 differentially expressed genes. Because we observed a significant increase, not decrease, in 469 differentially expressed genes in the female HPG axis at baseline and in response to stress as 470 20 compared to males, this is either not the case, or there is even more differential expression in 471 female HPG tissue than we were able to statistically uncover. In either event, females are 472 experiencing heightened HPG gene activity in response to stress, and this may be due to the 473 physiological variation they experience over the course of their reproductive period. involved in stress-induced suppression of the reproductive axis. Here, we report that expression 504 of the gene for the CALCA peptide is responsive to stress, more so in females than in males.
505
However, CALCA gene expression decreased in response to stress. A decrease in expression 506 might suggest a decrease in peptide production, which seems counterintuitive to the reported 507 actions of CALCA in rats. However, the species, its physiology (for example, our birds were not 508 ovariectomized), the time course of sampling, and the potential for physiological feedback must 509 all be considered to gain a better picture of CALCA regulation. For now, its responsiveness to 510 stress in females coupled with reports of its actions [61] suggest it may play an important role in 511 regulating the reproductive system, and this may be related to reproductive investment. (Table 1) as well as in 524 those related to immune function, growth, and other processes (eg. a gene ontology term 525 enriched for genes more highly expressed in the ovary in response to stress was related to the 526 inflammatory response). Resulting alterations to physiology and behavior could lead to maternal 527 effects of epigenetic and genomic activity, setting into motion biological events that could 528 prepare offspring for the environment in which they will soon face.
530
In summary, we report sex-specific changes in gene expression of the rock dove HPG axis in 531 response to stress, with females exhibiting increased genetic responsiveness at all levels of their 532 22 axis as compared to males. This phenomenon could be explained by the variation females 533 experience in their reproductive cycle as well as by their evolutionary history, including parental 534 investment and the potential for maternal effects to increase the reproductive success of 535 offspring. These hypotheses are not mutually exclusive and inspire future investigations of 536 genome to phenome causal effects. Presently, the data we report create a vital genomic 537 foundation on which sex-specific reproductive dysfunction and adaptation in the face of stress 538 can be further studied. 
Candidate Gene Expression Evaluation 631
To evaluate a set of candidate genes, we selected a priori genes of interest based on their known 632 involvement in stress and reproduction and associated behaviors ( Table 1) . Differences in gene 633 expression were evaluated between these genes in the hypothalamic, pituitary, and gonadal In addition to understanding patterns of differential gene expression between stressed and control 641 birds, genes were identified whose response to stress varied by sex. A distribution was generated 642 corresponding to the absolute difference in median gene expression between treatment and sex.
643
Genes located in the upper and lower 1% of this distribution were retained as significantly 644 different in the response to stress. 
